Popeye genes code for putative transmembrane proteins that are predominantly expressed in heart and skeletal muscle. Here we report on the isolation and expression of a previously unknown Xenopus member of this family, Xenopus Popeye-1 (Xpop-1). Xpop-1 is 60-65% identical to other vertebrate Pop-1 genes at the protein level. Whole-mount in situ hybridization studies revealed a highly specific expression of Xpop-1 whose transcripts are restricted to the embryonic heart and become enriched in the forming ventricle. Interestingly, unlike other known vertebrate Popeye genes, Xpop-1 is exclusively expressed in cardiac tissue and absent from skeletal muscle. q
Results and discussion
For the identification of novel genes that may be involved in heart development we performed a random whole-mount in situ screen using single cDNA clones derived from an adult Xenopus heart cDNA preparation according to Niehrs as described previously (Gawantka et al., 1995) . One of the isolated clones was exclusively expressed in the developing heart during Xenopus development and showed a high similarity to the previously described human popeye-1 gene (Andreé et al., 2000) . The Popeye gene family of putative transmembrane proteins consists of three members in human and mouse, whereas in chicken two different classes of cDNAs exist that are generated by a single gene , Andreé et al., 2000 , for a review see Andreé et al., 2002b) . Members of this family are predominantly expressed in heart, skeletal, and smooth muscle in different species (Andreé et al., 2000 (Andreé et al., , 2002a . The function of these proteins is unknown so far but it might be associated with its putative membrane localization. Recent data in the chick embryo indicate that POP1 could belong to a novel class of adhesion molecules (Wada et al., 2001) . The mouse Pop-1 gene has been recently ablated (Andreé et al., 2002a) . The null mutants are born at Mendelian frequency and do not display any overt phenotype. However, the knockout mice have an impaired ability to regenerate skeletal muscle after cardiotoxin injection.
A Blast search resulted in the identification of an EST clone (accession number AW642968) which was fully sequenced and found to encode the full-length Xenopus Pop-1 cDNA (Fig. 1A) . The complete sequence of this clone has been deposited under the accession number: AF461429. The partial sequence of the Xpop-1 clone identified in our whole-mount in situ screen is identical to the bases 1-371 of this full-length clone. A comparison of the deduced protein sequence to other vertebrate Popeye proteins clearly identifies the full-length clone as the Xenopus homolog of POP1 (Fig. 1A, B) . As for the mouse homolog, a hydrophilicity plot reveals a cluster of hydrophobic amino acids in the N-terminal region (Fig. 1C) . In case of mouse POP1, these amino acids were postulated to form three transmembrane domains (Andreé et al., 2000) . However, prediction of the presence of putative transmembrane helices and their orientation in the membrane (http:// www.cbs.dtu.dk, Krogh et al., 2001) suggests that the Xenopus homolog only has two transmembrane domains (spanning amino acids 53-75 and 80-99) and both the N-and Ctermini are located inside the cytoplasm.
The temporal and spatial expression of Xpop-1 during Xenopus development was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis and whole-mount in situ hybridization. Xpop-1 shows a biphasic expression pattern. Xpop-1 transcripts are already present maternally and strong expression is observed until stage 9 Fig. 2A) . By the end of gastrulation (stage 12) the amount of transcripts decreases, however, in some cases, weak expression of Xpop-1 can be detected during neurula stages (stage 16). In Xenopus, zygotic expression of genes begins after the 12th cell cycle (stage 8/9), at the so-called mid blastula transition. Because of the decrease of expression between stages 9 and 12, we find it unlikely that there is a major early contribution of zygotically transcribed Xpop-1 to the early expression. Xpop-1 appears not to be expressed during early tail bud stages (stage 25). Strong zygotic expression of Xpop-1 resumes at stage 31 and remains at a robust level through early tadpole stages ( Fig. 2A) .
Compared to the expression pattern of other well-characterized cardiac marker genes, the dramatic decrease of Xpop-1 transcripts between late neurula and mid tail bud stages is unique. Also, it is interesting that transcription of Xpop-1 decreases at a time point when expression of the early cardiac marker genes GATA-4 and Nkx2.5 begins. Moreover, the zygotic expression of Xpop-1 around stage 31 appears to coincide with the onset of expression of myosin heavy chain-a (a-MHC), which is characteristic for terminally differentiated cardiomyocytes. In addition, late expression at stage 31 takes place before onset of heart beating at stage 33 and expression of chamber specific genes like the atrial natriuretic factor (ANF) at stage 35 ( Fig.  2A) . In the adult, Xpop-1 transcripts could only be detected in RNA preparations from heart tissue ( Fig. 2B) but not from other organs. Thus, in contrast to chicken and mouse Pop-1 (Andreé et al., 2000) Xpop-1 is not expressed in skeletal muscle.
Analyses of the spatial expression of Xpop-1 demonstrate that this gene is specifically expressed in the developing embryonic heart from stage 31 through 41 (Fig. 2C, D) . We could not detect localized expression of the maternally derived Xpop-1 transcripts at early stages by whole-mount in situ hybridization. Transverse sections of the linear heart tube at stage 30 show that Xpop-1 transcripts are restricted to the myocardium. In comparison, transcripts of the cardiac marker gene Nkx2.5 are highly enriched in the myocardium but weak expression is also seen in dorsolateral portions of the cardiogenic mesoderm which later lose myogenic potency and form the dorsal mesocardium and pericardial roof (Raffin et al., 2000;  Fig. 2C ). Also note that neither the endocardium nor later the epicardium expresses Xenopus Pop-1. The specific expression of Xenopus Pop-1 in the developing heart persists during tadpole stages (Fig. 2D) . Transiently, a faint expression is also detected in the anterior blood islands (Fig. 2D) . Histological analysis of these stained specimen revealed that Xenopus pop-1 transcripts are predominantly localized in the outer curvature of the forming ventricular and atrial regions at stage 33. At stage 36, expression is stronger in the outer curvature of the ventricle. This stronger expression in the ventricle persists until stage 41 whereas expression is comparably weak in the atrial region or the outflow tract. The accumulation of Xpop-1 transcripts in the ventricle is similar to the expression RT-PCR was performed using total RNA isolated from embryos which were cultured until the indicated developmental stages. The temporal expression of Xpop-1 was compared to the developmental expression profile of other cardiac marker genes. Abbreviations used: CA, cardiac actin; MHC, myosin heavy chain a; ANF, atrial natriuretic factor; H4, histone 4. The RT-reaction was performed with H4 primers. (B) Expression of Xenopus Pop-1 in different adult tissues as indicated. RT-PCR was performed using total RNA isolated from the indicated adult tissues. Xpop-1 transcripts were only detected in the adult heart. (C) Spatial expression of Xpop-1 and Nkx2.5 at stage 30. Transverse sections demonstrate the specific expression of Xpop-1 in the myocardium (mc). Nkx2.5 transcripts are abundant in the myocardium but in contrast to Xpop-1, Nkx2.5 is additionally, albeit weaker, expressed in tissue fated to become the dorsal roof of the pericardium (pc) and in the pharyngeal pouches (arrow heads). (D) Expression pattern of Xpop-1 in the developing heart chambers at stages 33, 36, and 41. Abbreviations used: a, atrium; v, ventricle; o, outflow tract. pattern observed for the chicken and mouse Pop-1 homologs (Andreé et al., 2000) . As in Xenopus, chicken Pop-1 is prominently expressed in the outer curvature of the forming ventricle, however, strong Pop-1 expression is also seen in the atria. In the mouse, Pop1 is initially expressed in the atria and in a few dorsal cells of the ventricle. After epicardialization of the mouse ventricle Pop-1 transcripts become more abundant in the ventricle (Andreé et al., 2000) . In both cases, the outflow tract shows weak or no detectable expression of Pop-1 (Andreé et al., 2000) . The differences in expression within the forming heart chambers most likely reflect physiological or anatomical differences between the different vertebrate hearts. The most interesting observation, however, is the lack of expression of Xpop-1 in the somites and developing skeletal muscle. In contrast, mouse and chicken Pop-1 is highly abundant in this tissue.
Thus, in contrast to Pop-1 genes of other vertebrates, Xenopus Pop-1 is highly specific for the forming heart muscle. The intriguing spatiotemporal expression pattern of Xpop-1 renders it an interesting gene for investigating its function during heart development in Xenopus by means of dominant-negative constructs or antisense morpholino oligonucleotides.
Materials and methods
For the whole-mount in situ screen mRNA from adult Xenopus heart tissue was isolated and reverse transcribed using standard protocols. The synthesized cDNAs were ligated into the EcoRI/XhoI site of pBluescript II KS using oligonucleotide linker. Two of the 114 clones that were initially screened encoded a fragment of Xpop-1. Whole-mount in situ hybridization was performed with a full-length Xpop-1 antisense RNA labeled with digoxygenin uracil as previously published (Hollemann et al., 1999) 
